Abstract Diabetic nephropathy (DN) is the most common cause for end stage renal disease (ESRD). Next to environmental factors, genetic predispositions determine the susceptibility for DN and its rate of progression to ESRD. With the availability of genome wide expression profiling we have the opportunity to define relevant pathways activated in the individual diabetic patient, integrating both environmental exposure and genetic background. In this review we summarize current understanding of how to link comprehensive gene expression data sets with biomedical knowledge and present strategies to build a transcriptional network of DN. Information about the individual disease processes of DN might allow the implementation of a personalized molecular medicine approach with mechanism-based patient management. Web based search engines like Nephromine are essential tools to facilitate access to molecular data of genomics, proteomics and metabolomics of DN.
. DN has been reported in 25-40% of type 1 and type 2 diabetic patients [2] . Moreover, even in patients with preserved kidney function, cardiovascular mortality in patients with DN is substantially increased compared to that in diabetic individuals without kidney disease [3] . The human suffering as much as the economic burden of DN is immense. According to the American Diabetes Association the estimated total annual cost of diabetes in 2007 was $174 billion. Medical expenditures totaled $116 billion and were comprised of $27 billion for diabetes care, $58 billion to treat diabetes-related chronic complications, and $31 billion for excess general medical costs [4] .
The multi-faceted pathogenesis of DN
The pathogenesis of DN is multi-factorial and is comprised of genetic and environmental factors activating a multitude of intra-and extra-renal pathways. Genetic predisposition has been indicated as the decisive factor for the susceptibility and rate of progression to ESRD in diabetic patients by several observations: position to DN were recently identified in several diabetic sibling studies [8] [9] [10] . 3 . The relationship between environmental factors like diabetes control/duration and the extent of glomerular injury shows a high degree of inter-individual variability pointing towards additional individual (genetic) risk factors [11] .
That these factors can be influenced was shown by multiple intervention studies targeting the known pathways activated in DN. Of those, the renin-angiotensinaldosterone system (RAAS) plays a central role [12] . This has been demonstrated by effectively slowing progression of DN via mechanisms additional to blood pressure control alone [8] by treatment with angiotensin-converting enzyme (ACE) inhibitors or angiotensin II receptor blockers (ARBs) [13] and as demonstrated by the AVOID studythe direct renin inhibitor Aliskiren [14] . In addition, tight glycemic control [3, 8] and aggressive treatment of hyperlipidemia [15] have been shown to contribute to a delay in DN progression.
From metabolic changes via structural alterations to a function-based disease definition
Specific metabolically driven glucose dependent pathways are activated within DN. These pathways induce oxidative stress, polyol pathway flux, hexosamine flux and accumulation of advanced glycated end-products (AGEs) in the kidney [16] . Hemodynamic factors are further influencing the pathogenesis of DN and include elevations of systemic and intra-glomerular pressure and activation of vasoactive hormones including RAAS, endothelin and urotensin [17] . These altered hemodynamics act independently, and in concert with metabolic pathways, to activate intracellular second messengers such as protein kinase C (PKC) and MAP kinase (MAPK), nuclear transcription factors such as nuclear factor-κB (NF-κB), and various growth factors such as the prosclerotic cytokines, transforming growth factor β (TGFβ)-1, connective tissue growth factor (CTGF), and vascular endothelial growth factor (VEGF) [16] . Ultimately these molecular mechanisms have been shown to lead to the specific histo-pathological pattern of DN not seen in other renal diseases. The first structural changes in DN are thickening of the basement membranes of glomerular capillaries, arterioles and tubules. Clinically these changes might appear together with microalbuminuria [18] . Progression of DN is characterized by destruction of glomerular architecture and tubulointerstitial fibrosis resulting in a progressive decline of glomerular filtration rate (GFR) [19] .
Integrating the specific regulatory pathways with the phenotypic heterogeneity in patients with DN will result in a function-based definition of distinct subgroups of patients. This function-based understanding of the disease processes will allow the development of a "personalized molecular medicine" for the management of DN and will identify specific progression factors active in defined subpopulations of the disease. "Personalized molecular medicine" implies in this context a medical treatment strategy that aims to interrupt disease mechanisms active in an individual patient. This treatment strategy is distinct from the current conventional therapy of DN, which tries to improve disease symptoms present in patients with similar clinical features, but potentially different underlying destructive mechanisms at the cellular and molecular levels. If applied, this strategy would have far reaching consequences for diagnostic classification, disease prediction, and definition of patient cohorts for clinical trials and identification of patient tailored therapeutic regimen in type 1 and 2 diabetes mellitus in general and specifically DN (Fig. 1 ).
4 Applying genomics to define DN: lessons to be learned from oncology
Over the last decade we have witnessed an unprecedented expansion in our capability to define disease mechanism in a comprehensive genome wide manner. We are at the verge of being able to display the entire regulatory continuum covering DNA, mRNA, protein and metabolite profiles in a given individual. Analyzing these large data sets in isolation, linking them with clinical phenotype information and integrating them for a true systems understanding of the DN disease processes are daunting challenges [20] . In this review we will focus on the study of transcriptomics as one of the most promising and advanced fields to identify biomarkers and monitor disease activity. Transcriptomics is defined as the analysis of mRNA expression in physiology and disease. Its advantages are a very comprehensive data capture and a high level of standardization in the field [21] . The introduction of highly parallel mRNA profiling technologies has enabled the generation of genome-wide gene expression profiles of human disease. Combining microarrays with tissue banks allows for the display of virtually all mRNAs expressed at a given time point and provides a comprehensive, unbiased starting point for a systematic analysis of disease processes, resulting in mRNA fingerprints associated with defined clinical outcomes. These biomarkers may be applied towards early diagnosis, prognosis and prediction of response to therapy. Functional genomics seeks to decode gene-gene interactions and cellular pathways involved in disease biology that might be a suitable target of newer molecular therapeutics. Clear limitations concerning molecular target definition from transcriptomic data sets are the multiple layers of regulation interposed between mRNA level alterations in DN and downstream changes in protein function.
In oncology, gene expression fingerprints have been shown to predict disease outcome and treatment response (in a series of for review see [22] [23] [24] ). Comprehensive molecular analysis of tumor tissue has allowed the definition of cancer-specific molecular signatures representing different disease mechanisms or states of neoplastic lesions. These expression signatures are currently evaluated as diagnostic parameters to predict disease course and response to therapy [25] .
5 Gene expression profiling defines the transcriptional response to environmental factors and genetic predisposition in DN Several challenges must be addressed prior to employing the high-throughput gene expression microarray techniques towards patients with DN:
1. As in oncology, tissue-based analyses will provide the most pertinent information on the intra-renal disease process active in the diabetic patient. However, routine clinical renal biopsy is only performed in a small proportion of patients with diabetes, necessitating large multicenter studies or protocol biopsies to procure a sufficiently large cohort of DN biopsies for study. Less invasive or even non-invasive markers such as peripheral blood or urine profiles provide an alternative source of biosamples from DN patients, but can be confounded by multiple non-renal effects. 2. A key difference between studies in oncology and renal disease is the considerable tissue heterogeneity of the nephron compared to the clonal expansion of a single cell seen in most cancers. This is further confounded by the small tissue volume procured by percutaneous renal biopsies. This can be addressed to some extent by microdissection of the biopsied specimen, either in the tissue section by laser capture or in the tissue core by manual microdissection. These strategies allow the isolation of glomeruli and tubuli for molecular analysis. For many renal diseases including DN, glomeruli are of special interest since they are the first compartment to show ultrastructural damage [26, 27] . 3. The integration of gene expression data into their functional context is one of the greatest challenges to employ this information towards "personalized molecular medicine" of DN. The strategies used to date are based on our current knowledge of transcriptional regulation and biological processes in general. Genes influenced by a common environmental challenge or genetic predisposition are assumed to show co-regulation in the examined tissue resulting in similarities of their patterns of expression. These expression similarities are detected by classification systems (cluster algorithms) and form the starting points for further analyses [28] [29] [30] . Co-regulated genes can be integrated into established or de-novo generated functional pathways derived from our current biological knowledge to define their overall functional context [31] . Additional strategies can integrate the mRNA alterations of available genomic information into underlying transcriptional regulatory mechanisms [32] .
6 Integrating comprehensive genome wide data sets into current biomedical knowledge [34] . Comparing gene expression in four deceased kidney donors with and without DN 615 mRNAs were found to be differentially regulated and associated with a disturbed cytoskeleton formation and tissue repair mechanisms, especially in the endothelium of renal vessels in patients with DN.
Gene expression arrays of human proximal tubular cells exposed in vitro to high glucose levels were conducted by Qi et al. High glucose increased gene expression of Thioredoxin-interacting protein (Txnip) and its promoter activity. TGFβ-1 silencing experiments in the same setting were highly suggestive that increased Txnip expression is TGFβ-1-independent [35] . These findings are in line with others showing that high glucose can induce many chemokines such as interleukin-8, monocyte chemoattractant protein (MCP)-1 and nuclear factor-kappaB (NF-κB) and activator protein (AP)-1 [36, 37] .
As systemic inflammation is considered to be a key driving force of DN [38] , several studies have analyzed inflammatory mRNA signatures in non-renal tissue of DN patients. Gene expression profiles of peripheral blood mononuclear cells (PBMCs) from diabetic patients with and without DN (with proteinuria or with normoalbuminuriaboth with at least 20 years of diabetes duration) focused on 198 candidate genes for diabetic nephropathy (Pubmed search based on gene variants or gene expression analyses) and revealed only thrombospondin 1 (THBS1) and cyclooxygenase 1 (COX1) to be overexpressed in DN PBMCs and matrix metalloproteinase 9 (MMP9) and cyclooxygenase 2 (COX2 genes) repressed in DN PBMCs [39] . These differentially regulated molecules have been associated with DN in various model systems, but might also be a consequence of renal disease or proteinuria in general.
Starting from the hypothesis that the beneficial effect of angiotensin inhibition is at least in part mediated by a direct anti-inflammatory effect, Tone et al. investigated the gene expression profiles in angiotensin II stimulated cultured macrophages. Among the 19 high-glucose upregulated genes the induction of chemokine MCP-2 was prevented by angiotensin II inhibition [40] potentially interrupting a vicious cycle of micro-inflammation in diabetes.
For the evaluation of systemic inflammation in DN skin fibroblasts gene expression profiles from patients with type 1 diabetes were compared between either fast or slow progression of DN towards ESRD [41] . In this study genes involved in pathways of oxidative phosphorylation and their related upstream pathways were significantly differentially regulated indicative for an involvement in the pathogenesis of DN. [42] ). These studies have also related these observations to the specific functional consequences seen in model systems of DN.
Beyond single mRNA alterations, a comprehensive display of mRNA regulation in DN allows the identification of transcriptional networks activated in DN. A recently developed approach examines transcriptional elements and higher order promoter structures in promoter modules linked to regulatory pathways involved in DN [32] . This approach appears to be justified since differential gene expression is regulated at the level of transcription initiation by regulatory transcription factors that bind directly to their transcription factor binding sites within the promoter sequence. Their binding results in an activation or repression of target gene expression. Transcription factors physically and functionally interact with each other and with regulatory sequences within the DNA. These transcription regulatory networks play a pivotal role in pathophysiological states and also in developmental processes and physiological responses (for review [43] ).
Using the above rationale the transcription regulatory networks involved in the pathogenesis of diabetic nephropathy were studied in a cohort of patients with progressive DN [44] . Gene expression based unsupervised hierarchical clustering of the study cohort displayed two discrete branches within the DN group. The molecular stratification associated with clinical characteristics, segregating a group of patients with mild renal impairment and less severe histopathology scores for tubulointerstitial damage from a group of patients with progressed DN.
Evaluating the genes responsible for the gene expression based DN sub-stratification revealed the enrichment of inflammation-stress response genes and among the stress response genes a significant enrichment of known NF-κB target genes. Transcription factors such as NF-κB work in concert with other transcription factors in order to communicate selectivity and specificity of transcriptional responses. Cooperative binding of a transcription factor in a specific orientation and spacing is one core feature of an effective transcription initiation complex. The systematic promoter module analysis of the upregulated NF-κB-dependent genes identified a NF-κB-IRFF transcription factor binding module in the progressive DN regulated gene set. Based on these studies, the DN dependent regulation of nine mRNA was predicted and verified in an independent cohort via qRT-PCR [44] .
Identification of NF-κB dependent transcriptional networks is particularly intriguing, as the activation of NF-κB-linked regulatory pathways has been shown to be associated with the inflammatory processes in DN [45, 46] . Recent studies by Yang et al. showed an association between NF-κB and diabetic nephropathy. In patients with DN, but not in a cohort of diabetic patients with comparable diabetes duration without DN, NF-κB induced aldose reductase (AKR1B1) expression. NF-κB dependent AKR1B1 activation is considered to be one mechanism contributing to the pathogenesis of DN [47] .
The sequential strategy of genome wide expression profiles, definition of molecularly defined diseased subtypes, extraction of subtype defining mRNAs, and analysis of underlying transcriptional regulation revealed with NF-κB a pathway with ample independent evidence for relevance in DN and added with the IRFF response element a new candidate for tissue and disease specificity of the NF-κB response in DN.
Currently, NF-κB inhibition is investigated as a therapeutic target in diabetes and its complications, for example in retinal neovascularization [48, 49] , DN itself [50] and beta cell dysfunction [51] .
Comprehensive expression profiles also offer the opportunity to employ hypothesis driven focused approaches. The above gene expression data set of progressive DN was mined for apoptosis associated transcriptional networks [52] . A high proportion of known cell death related genes were found to be significantly differentially regulated (112 of 455) with maximal changes observed among death receptors and the death ligand TRAIL. Follow-up studies confirmed the TRAIL protein induction in DN glomeruli and proximal tubuli by immunohistochemistry. In vitro studies demonstrated that apoptosis was only observed in the presence of proinflammatory cytokines and high glucose levels. TRAIL was found to activate NF-κB, a further indicator for the vicious cycle of apoptosis and inflammation in DN [52] .
These results confirm on one hand the pivotal role of inflammation in the pathogenesis of DN and offer on the other hand tools for identification of currently unknown target genes using a strategy outlined in Fig. 2. 6.3 Nephromine-an online search tool of renal genome-wide gene expression data for the renal community With the rapidly expanding amount of molecular data and their interactions generated by the different approaches in the fields of genomics, proteomics and metabolomics there is an increasing need for tools to make this knowledge easily accessible and usable for molecular biology researchers as well as clinician-scientists.
To address this need an online search tool of renal genome-wide gene expression data sets was developed in a collaboration of bioinformatics and renal research teams using a highly successful tool in oncology as a model [53] . The search engine, Nephromine, has been developed as a resource for the scientific community allowing integration of available deep expert knowledge with the modern tools of molecular biology and clinical patient phenotypes. Nephromine (freely accessible for academic users at http:// www.nephromine.org) combines transcriptome maps and data sets of human studies generated by the renal research community with automated searches of gene ontology terms: molecular function, cellular components and biological processes, KEGG pathways, therapeutic target databases, predicted microRNA targets, HPRD Interaction Sets, literature-defined concepts and the Interactome database among others.
Nephromine can search for either genes or more general terms (i.e. diseases, studies). The profile search for the search term "diabetic nephropathy" reveals an overview of the search results including, for example, links to the therapeutic target database for the selected profile. It allows the application of various filters, shows enrichment within the chosen dataset and displays Interactome results. Interactome results show gene-gene interactions according to the Human Protein Reference Database (HPRD contains genes and their corresponding proteins) and lists for DN i.e. 640 interactions. Among the first hits the gene tubulin β (Gene ID: 203068) is interacting with a variety of genes on a highly significant level. Although tubulin β itself is not co-cited with DN, its main Gene Ontology function is GTP binding and GTPase activity. Activation of GTPases was recently reported for the various pathways in the pathogenesis of DN [54] . Nephromine enables users to search for the interacting partners of tubulin β either to confirm known molecular interactions, look for therapeutic targets or to generate hypotheses for pathway interactions.
The aim of Nephromine and similar data mining tools is to empower the non-bioinformatic scientist with the ability to search on the web large datasets of stage-specific, conserved gene expression signatures in an explicit, focused research context, as has been described above for the definition of apoptosis pathways in DN.
Conclusion
A more comprehensive understanding of individual pathomechanisms involved in DN will enable physicians to provide an early and precise diagnosis for a specific patient. Furthermore, this will be the prerequisite allowing researchers to identify therapeutic molecular targets and test them in patients with activation of this target. An important aspect of molecular biology and medicine is that the amount of molecular data generated by the different approaches in the fields of genomics, transcriptomics, proteomics and metabolomics is growing exponentially. Therefore, as introduced in this review, tools like Nephromine are crucial to make this knowledge easily accessible and usable to a broad spectrum of molecular biology researchers as well as clinician-scientists. Fig. 2 Strategy used to define human transcriptional networks and their confirmation by functional analysis: bioinformatic approaches for gene expression data are able to define common regulatory mechanisms in DN in a stepwise approach. First, differentially regulated genes are assigned, which are then mapped to known and de-novo generated pathways. Their transcriptional control can be confirmed by a qRT-PCR of identified downstream targets and their function can be studied in (cell-type specific) transgenic mouse models DA021519 'National Center for Integrative Biomedical Informatics' and by a MICHR Multidisciplinary Research Grant to MK.
